Osmosis across membranes is intrinsically associated with the concept of semipermeability. Here, however, we demonstrate that osmotic flow can be generated by solute gradients across nonselective, fully permeable nanochannels. Using a fluorescence imaging technique, we are able to measure the water flow rate inside single nanochannels to an unprecedented sensitivity of femtoliters per minute flow rates. Our results indicate the onset of a convective liquid motion under salinity gradients, from the higher to lower electrolyte concentration, which is attributed to diffusio-osmotic transport. To our knowledge, this is the first experimental evidence and quantitative investigation of this subtle interfacially driven transport, which need to be accounted for in nanoscale dynamics. Finally, diffusio-osmotic transport under a neutral polymer gradient is also demonstrated. The experiments highlight the entropic depletion of polymers that occurs at the nanochannel surface, resulting in convective flow in the opposite direction to that seen for electrolytes.
Osmotic transport plays a crucial role in many areas of science and technology, from transport across biological membranes in living matter, to technological applications in desalination process using, e.g., reverse osmosis, food processing, or energy harvesting under salinity gradients [1] [2] [3] [4] [5] . When two reservoirs with different solute concentrations are put into contact via a semipermeable membrane -i.e., a membrane that is impermeable to the solute, while allowing free passage of water-an osmotic pressure drop builds up between the two sides and a corresponding water flux is initiated in order to reach thermodynamic equilibrium. For low solute concentration, the osmotic pressure drop is given by the famous van't Hoff formula in the form of a perfect gas expression ΔΠ ¼ k B TΔC sol , with ΔC sol the solute concentration difference across the membrane [1] . For a 1M salinity contrast, ΔΠ ∼ 50 bar and the effects of osmosis are of considerable importance.
However, there are, in principle, alternative ways to take benefit from salinity gradients and osmotic response, beyond the canonical semipermeable membrane geometry. As was pointed out by Derjaguin and first explored by Derjaguin [6] , and Anderson, Prieve, and coworkers [7, 8] , an interfacially driven version of osmotic transport may be achieved under salinity gradients in the presence of a solid surface. For particles, this leads to a (diffusio)phoretic migration, which can be used to manipulate colloids and macromolecules under tunable solute gradients [8] [9] [10] [11] [12] [13] [14] .
Physically, this originates in a (diffusio-)osmotic flow driven by an osmotic pressure gradient that builds up within the diffuse layer at the solid surface. Such diffusio-osmotic transport [15] was recently suggested to account for the strongly increased rate of translocation of DNA through a nanopore in the presence of a salt gradient [16] . In a different energy-harvesting context, diffusio-osmosis was also proposed to be at the origin of a very large electric current generation under salinity gradients inside boron nitride nanotubes [4] . As an interesting, but counterintuitive, property, diffusio-osmosis should operate across a membrane without the requirement of solute rejection. This opens various perspectives in terms of applications by relaxing some of the constraints on the nanoscale semipermeable membranes.
Despite this growing interest and significance in nanodevices, there remains a strong need to investigate further, from an experimental point of view, the detailed origin of this subtle phenomenon, which originates in the force balance within the first few nanometers close to surfaces. Indeed, so far no direct experimental evidence of the generation of flow through diffusio-osmosis has been reported, while existing studies have essentially explored either indirect manifestations of this phenomenon on electrical transport or its counterpart for particle transport, as discussed above.
In the present study, we experimentally demonstrate for the first time a diffusio-osmotic flow generation, by investigating the liquid transport properties along nanochannels submitted to a gradient of solutes. Using a fluorescence imaging technique, we evidence the onset of a water flow under solute gradients, achieving an unprecedented flow rate sensitivity. Both transport under salinity gradients and polymer gradients are explored, which allows us to gain much insight into the origin of this transport phenomenon. The micro-nanodevices are fabricated using Si chips by conventional nanofabrication techniques with nanochannels bridging between two side microchannels [ Fig. 1(a) ] [17] . The nanochannels are h ¼ 163 nm in height, w ¼ 5 μm wide, and L ¼ 150 μm long. The surface was electrically insulated with a 100 nm thick silicon oxide layer grown by thermal oxidation, and then a silicon wafer was anodically bonded onto a 170 μm thick Pyrex glass wafer. For practical purposes, an array of 17 parallel nanochannels is etched on each device, but experiments are all performed at the single nanochannel level, in different chips and nanochannels. In the following, all solute solutions consist of various concentrations of added salts (KI, NaI, or LiI) in a background Tris solution (1 mM Tris-HCl, 2 mM NaOH), except in Fig. 4 , where a neutral polymer (PEG-200) is used as solute. Well-controlled solute concentration boundary conditions at nanochannel ends are obtained by circulating the left (right) microchannel arm with a solution of solute concentration n L (n R ) prior to microchannel insulation in order to minimize spurious residual convection.
As a probe for a generated water flow, we use a fluorescent molecular dye (C 0 f ¼ 200 μM fluorescein salt) in the left microchannel only, and record the fluorescence intensity signal using confocal microscopy (Leica TCS SP5). We checked independently that in the present conditions, the fluorescence intensity is indeed proportional to the probe concentration C f ðxÞ. Typical results for the intensity profile are shown in Figs. 1(b)-1(c): while under pure diffusion the fluorescence intensity profile along a nanochannel would be expected to be linear in space, we measure a strong deviation from the linear behavior whenever a solute gradient is imposed between the two ends of the nanochannel. Furthermore, this deviation from linearity is found to depend on the sign and amplitude of the solute gradient [compare Figs. 1(b) and 1(c)].
This deviation is the experimental signature of an additional convective drift of the fluorescent probe. In the presence of a flow rateQ, the steady-state concentration of the probe, C f ðxÞ, obeys the stationary diffusion-convection equationQ
with D f the diffusivity of the fluorescent dye (D f ¼ 3.5 × 10 −10 m 2 =s for fluorescein [18] ); only the dependence along the channel length x is studied. The probe profile C f is predicted to take the form of an exponentially decaying function. Comparison to experimental data is shown in Figs. 1(b)-1(c), yielding a very good agreement with the predicted profiles. This allows us to extract the only unknown,Q, with a sensitivity of about 50 fl= min. As a comparison, this is 2 to 3 orders of magnitude smaller than what was recently measured by a state-of-the-art technique (10 pl= min) in a similar nanochannel geometry [19] . Going beyond this first observation, we have systematically investigated the evolution of the flow rateQ with different salt nature (KI, NaI, and LiI) and concentration imbalance between nanochannel ends. Figure 2 shows the measuredQ, as a function of the raw added-salt concentration difference n R − n L (Fig. 2 , inset) or, as we shall explain in the following, as a function of the difference in logarithmic electrolyte concentration (Fig. 2 ). Overall, we observe at first glance that for all salts there exists a flow rate oriented from high to low concentrations, with a magnitude that increases with the concentration difference. We additionally observe a salt-specific effect with convective transport increasing following the order KI < NaI < LiI. More fundamentally, this experiment suggests the onset of osmotically generated convective transport, and hence liquid flow, under salt gradients. However, we emphasize that in the present conditions, the nanochannels are fully permeable to the salt. Indeed, the Debye length λ D that characterizes the extent of wall-solute electrostatic interaction in the system is expected to be always below 10 nm so that no salt exclusion occurs (λ D ≪ h). This result contrasts strongly with the common description of osmotic flows where solute rejection is a prerequisite to express the osmotic pressure.
As we now show, this unexpected result originates in diffusio-osmosis (DO), an interfacially driven transport mechanism belonging to the same class of transport phenomena as electro-osmosis or thermo-osmosis. When submitted to a longitudinal electrolyte concentration gradient, it is theoretically predicted that a plug velocity is generated in the channel in the presence of a charged solid surface. This wall-induced velocity takes the form [7] 
with D DO the diffusio-osmotic mobility and C s the electrolyte concentration, which for a moderate buffer reads as the sum of added-salt (KI, NaI, LiI) and homogeneous background concentrations C s ðxÞ ≃ nðxÞ þ c bkg . Now, in the presence of a linear gradient of solute, the logarithmic dependence of u slip in Eq. (2) generates a finite pressure gradient. The flow within the nanochannel thus reads as the superimposition of the diffusio-osmotic plug flow and a Poiseuille contribution, Q ¼ whðu slip − ððh 2 ∇PÞ=12ηÞÞ, with η the liquid viscosity. Integrating the constant flow rate Q along the nanochannel, with the boundary condition P R − P L ¼ 0, eventually yields
This predicts a logarithmic dependency of the flow rate with the ratio C s L =C s R . This prediction appears in very good agreement with the experimental results reported in Fig. 2 , where the measured flow rateQ is found to behave linearly with logðC s L =C s R Þ, in agreement with Eq. (3). To go further in the quantitative analysis requires entering into more details in the description of both the theoretical modeling of (diffusio-)osmotic effects [7, 8, 20] and the experimental configuration. Indeed, for electrolytes as solutes, it was predicted that the diffusio-osmotic response D DO can be split into two contributions [7] ,
The first term K CO is a truly osmotic contribution, referred to as the chemiosmotic effect, which arises due to the excess osmotic pressure gradients existing along the surface within the nanometric Debye layer. Within the Poisson-Boltzmann framework for ion-surface interactions, this terms takes the expression
with γ ¼ tanhðϕ=4Þ, ϕ ¼ ðeV s =k B TÞ, e the elementary charge, V s the surface potential, l b the Bjerrum length, k B the Boltzmann constant, and T the temperature (here 290 K) [7, 21] . The second contribution, −βK EO , takes its origin in the electro-osmotic response of the surface, induced by a diffusion-induced tangential electric field [22] . The latter stems from the difference in anion and cation diffusivities D þ and D − [7, 23] and reads E ≃ βðk B T=eÞ∇ log C s , where [7, 10] . With a classical electro-osmotic mobility given by −εζ=η [21] , where ε is the liquid permittivity and ζ the surface zeta potential, this predicts [7] 
Experimentally the liquid flow is probed through the convective transport of a fluorescent dye. Because fluorescein is a dianion at basic pH, it does not behave as a passive tracer and experiences an additional electrophoretic drift under electric field, characterized by its mobility μ EP (μ EP ≃ −2.8 × 10 −8 m 2 V −1 s −1 ). Note that neutral dye would overcome this complication, but we found that this induced several experimental issues with adsorption inside the nanochannel and an associated spurious signal compromising the intensity-concentration conversion.
Overall, we expect the molecular dye flow rateQ to obey the same equation Eq. (3) as the solvent flow rate Q, but with a modified response coefficient,
where
Beyond the linearity in logðC s L =C s R Þ, this theoretical prediction captures the salt-specific effect evidenced in Fig. 2 . Indeed, the three studied electrolytes KI, NaI, LiI are characterized by decreasing cation diffusivities [24] , so that the amplitudes of the osmotic flow are ordered following the increasing jβj coefficients: KI < NaI < LiI. More quantitatively, Eqs. (3)-(7) allow us to extract the diffusio-osmotic mobility D DO for each salt from the slope measurement in Fig. 2. In Fig. 3 the coefficient −β, which confirms the expected linear behavior. Moreover, the intercept and slope measurements in Fig. 3 allow us to extract, respectively, the chemiosmotic K CO and electro-osmotic K EO contributions to the solvent flow, yielding V s ¼ −55 AE 4 mV and ζ ¼ −98 AE 10 mV for the surface properties. Such values agree with the electrical properties of silica surfaces in comparable electrolyte concentrations as found in the literature [25] . Now to complement the diffusio-osmotic experiments, it is also possible to carry on an independent measurement of the ζ potential through investigations of the electro-osmotic velocity under an externally applied voltage difference across the very same system. Ag=AgCl electrodes were used to impose the electric potential in reservoirs. Note that to account for the chip geometry, the actual electric field within the nanochannel was calculated according to the equivalent resistance pattern as E ¼ ðΔV=LÞðR nano = ½R nano þ R micro Þ. There, electric resistances read R micro ¼ L micro =ðσh micro w micro Þ and R nano ¼ L nano =ðNσh nano w nano Þ with σ the bulk electrolyte conductivity and N the number of parallel nanochannels on the chip. In the following, an intermediate salt concentration of 10 mM was used; accordingly, corrections for the surface conductivity can be safely ignored in our h ¼ 163 nm thick nanochannels [26, 27] . We then make use of the same measurement method as described above to measure the electro-osmotic liquid velocity. The latter is compared to the theoretical relationship-accounting for dye electrophoresis-as given byQ
The measured dye convective flow rate is plotted against applied voltage difference in the inset of Fig. 3 . The linear dependency is well recovered from which the nanochannel surface zeta potential can be extracted, yielding ζ ¼ −85 AE 2 mV. This is fully consistent with the zeta potential obtained from K EO and more generally with the surface characteristics deduced from osmotically generated flows. Note that the differences found in V s and ζ are reminiscent of classically observed variations between electrokinetic phenomena probing either the surface charge (chemiosmosis) or the zeta potential (electro-osmosis) [21] .
Finally, going beyond electrolytes as a solute, we now turn to diffusio-osmotic transport using gradients of a neutral species, here a low molecular polyethylene glycol (PEG) polymer (MW 200 g=mol). Polymers constitutes the prototypical solute in standard membrane osmosis, where effects arise from size exclusion from the pores (e.g., in routine solution dialysis). However it must be stressed that no such exclusion exists here with a polymer gyration radius of R G ≃ 0.4 nm [28] . This value of R G is orders of magnitudes smaller than the nanochannel height h (163 nm in the present case) and, hence, based on the standard osmotic picture across membranes, no effect should a priori be expected in this fully permeable channel.
On the contrary, we found experimentally in Fig. 4 that the PEG gradient along the nanochannel still leads to a water flow, in an analogous way to the electrolyte case. Unlike electrolytes, however, the dependency of the flow rate on solute gradient is linear while, as discussed above, it is found to be proportional to the gradient of the logarithm of the salt concentration. It thus reads
with μ DO a diffusio-osmotic mobility associated with PEG gradients and n L − n R the polymer concentration difference between nanochannel ends. Beyond the concentration dependency, a second major difference with the case of electrolytes is that the polymer-induced flow is found to go in the opposite direction, with the water flow driven towards the higher PEG concentration. This negative "chemotaxis" is consistent with a depleted polymer layer at the nanochannel surfaces [7] . Going further, if one assumes a steric (entropic) exclusion of the PEG from the walls with an exclusion region of extension R G , the gyration radius of the PEG, the DO mobility is then predicted to behave as μ DO ∼ −ðk B =ηÞR 2 G . Using experimental data from Fig. 4 together with Eq. (9), one extracts a value R expt G ¼ 0.47 AE 0.04 nm, to compare with expected polymer radius R G ≃ 0.4 nm [28] . Both values do agree quantitatively, showing that the diffusio-osmosis probes in a very sensitive way the polymer-wall interface. This constitutes the first measurement of osmotic surface-driven transport with polymers, a phenomenon recently put forward as of central importance in the separation of biomolecules [13, 14] .
In this Letter we measured for the first time the diffusioosmotic transport of a liquid induced by a concentration gradient of solutes. To this end, we have developed a fluorescence imaging technique allowing us to probe convective flow inside nanochannels with unprecedented sensitivity, reaching 50 fl= min. In the case of an electrolyte as a solute, a diffusio-osmotic water flow is built under a salinity gradient from the higher to the lower salt concentration. Our experiments could disentangle the complementing effects of chemiosmosis and electro-osmosis, whose respective contributions to diffusio-osmosis were quantitatively evaluated. A similar diffusio-osmotic flow is demonstrated under concentration gradients of a neutral PEG, displaying, however, a reverse flow and pointing to a depletion of the polymer at the channel surface. This analysis clearly demonstrates that diffusio-osmosis allows us to induce osmotic transport without the constraints of solute rejection. Altogether diffusio-osmosis appears as a versatile and very efficient transport phenomenon that can play a significant role in the current development of nanodevices.
